A synthesis process of spinel Li 4 Ti 5 O 12 (LTO) nanomaterials was investigated using Li + -exchanged titanate nanotubes obtained via hydrothermal synthesis and subsequent reflux treatment. The substituted amount of Li + ions can be controlled by the temperature and time during the reflux treatment in a LiOH aqueous solution, which is the key for the synthesis of single-phase LTO. The rate capability of nanosized LTO as an active material for Li-ion batteries is significantly higher than that of microsized LTO obtained via conventional solid-state synthesis. By changing the intercalated ions during the reflux treatment, this synthesis process can also be applied to the synthesis of other titanate nanomaterials, which are promising active materials for future battery systems.
Introduction
With growing concern about the safety of Li-ion batteries, the spinel Li 4 Ti 5 O 12 (LTO) has been extensively studied as a negative electrode (anode) active material because of its high structural and thermal stabilities, cyclability, and rate capability. 13) These excellent characteristics of LTO are attributed to the fact that the discharge/charge process of LTO proceeds with a low strain through a two-phase transition between spinel and rock salt structures as follows: 4) ½Li 3 8a ½LiTi 5 16d ½O 12 32e ðspinelÞ þ 3Li þ þ 3e À $ ½Li 6 16c ½LiTi 5 16d ½O 12 32e ðrocksaltÞ ð 1Þ
However, the low electric conductivity of LTO (approximately 10 ¹13 S cm ¹1 ) 5, 6) requires small-size LTO particles to exploit its intrinsic properties. Therefore, the size reduction of LTO has been substantially investigated.
712) For example, Shen et al. synthesized microspheres of LTO from commercial crystalline anatase titania powders. 9) Li et al. synthesized one-dimensional nanostructured spinel LTO from hydrogen titanate nanotubes (TNTs) or nanowires powder. 11) In both the cases, the precursors were obtained via hydrothermal synthesis, which is an effective method to control the size of LTO. Among the precursors obtained via hydrothermal synthesis, layered TNT is one of the most promising materials for the synthesis of nanosized LTO, because it is possible to control the morphology 1318) and the amount of cations in the interlayer of the TNTs using its ion-exchange ability. 19, 20) However, because of this flexibility of TNTs, it is often difficult to obtain the reproducible single-phase product after calcination. Therefore, in the present study, we clarify the factors for the synthesis of the single-phase LTO nanomaterials from Li + -exchanged TNTs and evaluate their charge and discharge characteristics in an electrolyte for Liion batteries.
Recently, it has been reported that LTO works also as an anode material for Mg batteries. 21) In addition, the similar charge/discharge process accompanied by the phase transformation between the spinel and rock salt structures is adopted for state-of-the-art Mg and dual-salt battery systems. 22) Thus, this report highlights the progress of future batteries such as polyvalent-ion batteries, because the present process can be applied to the synthesis of other titanate nanomaterials by changing the ions intercalated in the TNTs by the reflux treatment.
Experimental

Synthesis of Li 4 Ti 5 O 12 nanomaterials
Na + -intercalated TNTs are synthesized via hydrothermal synthesis as the precursor for LTO nanomaterials. 19) A colloidal solution is prepared by dispersing 0.50 g of anatasetype TiO 2 powder (Ishihara Sangyo Kaisha, Ltd., Japan) in 10 ml of a 10 M NaOH (Wako Pure Chemical Industries, Ltd., Japan) aqueous solution. This colloidal solution is poured in an autoclave reactor (28 ml), and the reactor is kept at 150°C for 24 h; the spontaneous vapor pressure of water and the air pressure are about 4.66 and 1.44 atm, respectively. The resulting white Na + -intercalated TNT powder is filtered and washed by deionized water for several times, followed by drying at 50°C in air. Na + ions in the interlayer of the synthesized TNTs are exchanged with Li + ions by a reflux treatment using 100 ml of a 2.5 M LiOH aqueous solution, in which 1 g of the Na + -intercalated TNT powder is dispersed. After the reflux treatment, the Li + -exchanged TNTs are filtered and dried at 50°C, followed by pulverization. After calcining the Li + -exchanged TNTs at 300700°C for 2 h, LTO nanomaterials are obtained.
Material characterization
The morphology of the TNT and titanate nanoparticle products and TiO 2 starting material was observed by transmission electron microscopy (TEM, JEM-2000FX, JEOL Ltd., Japan) and field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Ltd., Japan). The crystalline structure of the products was investigated by Xray diffraction (XRD, Ultima IV, Rigaku, Co., Japan) using Cu-K¡ irradiation. Charge/discharge characteristics are examined in ethylene carbonate/dimethyl carbonate (EC/ DMC 1 : 2 by vol%) containing 1 M LiPF 6 using a battery charge/discharge system (HJ1001SD8, Hokuto denko Co., Japan). Composite electrode was prepared by coating an Al current collector film with a mixture of LTO (active material), acetylene black (conductive agent), and polyvinylidene difluoride (binder) in a mass percent of 8 : 1 : 1. The Li substrate was used as the negative electrode. A two-electrode cell was constructed for the electrochemical tests in a glove box (DBO-1KP-OFYGL, MIWA MFG Co., Ltd., Japan) filled with Ar gas. Figure 1 shows the electron microscopy images and XRD profiles of the anatase-type TiO 2 starting material and Na + -intercalated TNTs obtained via hydrothermal synthesis in a 10 M NaOH aqueous solution at 150°C for 24 h. As shown in Fig. 1 , the diameter and length of the Na + -intercalated TNTs are about 5 nm and several submicrons, respectively. The surface area of the Na + -intercalated TNTs (171 m 2 /g) is approximately three times larger than that of the TiO 2 starting material (60 m 2 /g). For the synthesis of LTO nanomaterials, the Na + ions, which originally existed in the interlayer of the TNTs, were substituted for Li + ions before calcination. In this study, a reflux treatment is adopted for the intercalation of Li + ions to the TNTs, which is controllable by the treatment time and temperature. Figure 2 shows the XRD profiles of the products after the reflux treatment in a LiOH aqueous solution. As can be seen in Fig. 2 , the 200 peak for TNTs positively shifts during the reflux treatment for 24 h at 30 and 60°C, indicating the substitution of Li + ions for Na + ions because the ionic radius of Li + ion is smaller than that of Na + ion. The peak shift is larger after the reflux treatment of a longer time at a higher temperature. These results suggest that the substitution of Li + ion proceeds during the reflux treatment for 24 h, and higher temperature promotes the substitution of Li + ions. Figure 3 shows XRD profiles of the products obtained after the calcination of Li + -exchanged TNTs at 300700°C for 2 h. In all the cases, the calcination temperature of 300°C was insufficient for the deposition of crystalline phases. From the Li + -exchanged TNT precursors obtained by the reflux treatment at 30°C for 36 h (Fig. 3(a), (b) ), the anatase-type TiO 2 was partly synthesized at 500°C, and both the anatase and rutile-type TiO 2 at 700°C, indicating an insufficient amount of the substituted Li + ions. Similarly, anatase-type TiO 2 was partly formed for the reflux treatment at 60°C for 3 h (Fig. 3(c) ) because of the shortage of exchanged Li + ions. As shown in Fig. 3(d) , single-phase LTO was synthesized from the Li + -exchanged TNT precursor, which was treated at 60°C for 6 h, by calcination 500 or 700°C (LTO 500 and LTO 700 , respectively). The composition of the Li + -exchanged TNT precursor was analyzed to be 19.16 at% Li, 20.64 at% Ti, 60.06 at% O, and 0.14 at% Na by inductively coupled plasma mass spectrometry for Li, Ti, Na, and inert gas fusion analysis (with infrared spectroscopy) for O. Thus, the exchanged amount of Li + ions should be larger than about 20 at% (the residual amount of Na + ions less than about 0.15 at%) for the synthesis of single-phase LTO. In our preliminary investigation, Li 2 is important for the synthesis of single-phase LTO. TEM images for the single-phase LTO, i.e. LTO 500 and LTO 700 , shown in Fig. 4 exhibit that the nanotube shape was maintained after the calcination at 500°C, whereas the nanotube shape was totally lost at 700°C and cubic powders 1050 nm on one side were obtained instead. Figure 5 shows the charge/discharge voltage curves for the nanosized LTO (LTO 500 and LTO 700 ), and a reference LTO synthesized via a conventional solid-phase synthesis that was 10 µm in diameter (LTO s ). In all cases, the discharge capacities at 0.1 C rate were approximately 150170 mAh/g, which was close to the theoretical capacity, 175 mAh/g. Although the discharge capacities decreased with the C rate for all of the samples, those of the nanosized LTO 500 and LTO 700 were three times greater than that of the microsized reference LTO s at a higher rate above 10 C. LTO 500 has the highest discharge capacity at 0.110 C rate, which exceeds 100 mAh/g even at 10 C. However, at a higher rate of 20 50 C, the discharge capacity of LTO 700 was higher than that of LTO 500 . The charge/discharge voltage curves for these samples provides the reason for this adverse change. The flat voltage profile at approximately 1.55 V indicates the progress of the two-phase reaction as described in reaction 1. The largest slope region exists at the end of the voltage profile for LTO 500 . This gradual increase in the overpotential is because of the low crystallinity of LTO 500 (see Fig. 3(e) ). Thus, the nanosized LTO significantly improves the rate capability, and the crystallinity is also an important factor for the improvement of the rate capability, especially at higher rates.
Results and Discussion
Conclusions
We investigated the synthesis process of nanosized Li 4 (4) The crystallinity of LTO was increased by the calcination at a higher temperature, which enhanced the discharge capacity at higher rates above 20 C. 
